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PASSAGE OF SOLID PARTICLES THROUGH ROTARY 
CYLINDRICAL KILNS 


By J. D. Sutirvan, CHARLES G. Mater, and OLIvEeR C. RaLtston 


INTRODUCTION 


In the course of its efforts to increase efficiency in the mineral 
industries the Bureau of Mines is investigating the basic principles 
involved in the construction and operation of devices for the treat- 
ment of ores and minerals. This paper presents the results of a 
study of the flow of material through rotary kilns of the type used in 
the manufacture of Portland cement clinker. A rotary -kiln is a 
hollow cylinder, the length several times the diameter, which is 
placed with its axis inclined a few degrees from the horizontal, so 
that material fed into its upper end advances through it and dis- 
charges at the lower end. 

The object of this study was to determine the factors that influence 
the rate of progress of crushed materials through a kiln. There is 
distinet need for such data in the design and construction of kilns for 
drying, roasting, calcining, nodulizing, or otherwise treating crushed 
sulid materials. Hitherto the practice in the design of such kilns 
has been largely to copy from kilns already in use the dimensions 
that give the properties most nearly satisfactory. The writers 
¥ished to develop a “kiln formula.” that would fit all the conditions 


_ studied and remove guesswork from the design of rotary kilns. 


ef 


As a result of this study it was possible to assemble all the facts 
noted into a single equation which expresses the time of passage of 
solid materials through a rotating cylindrical kiln of any of the sizes 
usually desired, when the kin is operating under conditions that 
approximate those of actual practice. This kiln formula is entirely 
empirical but usually predicts within 2 or 3 per cent and is seldom 
more than 6 per cent in error. It is as follows: 

pa LTT 5 tactor 
pdn 
where t = time of stay of the material in the kiln in minutes. 
lt =length of the kiln in feet. 
p =Slope or pitch of the kiln in degrees. 
d =diameter of the kiln in feet. 
n =revolutions per minute. 
@ =angle of repose, in degrees, of material in the dry condition. 
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2 PASSAGE OF SOLID PARTICLES THROUGH ROTARY KILNS 


Other symbols which will be used in succeeding formulas are as 
follows: 

v,;= volume of feed per hour. 

v =volume of the kiln; v, and v are to be expressed in the same 
units; for example, in cubic centimeters or cubic feet. 

h =height of the constriction [= 14(d°—d’)]. 

d’ =diameter of constriction opening. 

d°=diameter of the kiln; f, d’, and d° must be expressed in 
the same units. d°=d, when d° is expressed in feet. 

The “factor” is a correction for nose rings or constrictions. The 
value of the factor is 1 for simple unobstructed rotary cylindrical 
kilns. 

The steps by which the formula was obtained follow. From the 
wealth of data collected only enough tables and figures are given to 
establish the relationships. 

The mathematical principles developed in this report should find 
useful application in the design of all types of rotary-kiln furnaces, 
cylindrical driers, and cylindrical feeders, not only in the mining and 
mineral industries, but in other industries employing similar 
machinery. | 

EXPERIMENTAL KILNS USED 


The general principles and the mathematical formula were devel- 
oped by study of a small laboratory kiln built on such a scale that a 
1-inch dimension represented roughly about 1 foot of a full-size kiln. 
Later the kiln formula developed as a result of this research was 
checked against a variety of operating kilns. The experimental kiln 
was electrically driven through a friction disk with which the rate of 
revolution could be varied at will. The slope could be changed by 
means of a worm-gear jack under one end. The kiln was 7 feet long, 
and a series of shells 3, 6, 1114, and 19384 inches in diameter was used 
in alternation for the study of diameter effects. A 5-foot kiln, 334 
inches in diameter and electrically heated, was also used. This equip- 
ment in all amounted to five separate kilns, 3, 334, 6, 11%, and 1934 
inches in diameter. The interior of the shells was made rough by 
sizing it with glue or varnish and coating it with sand. The dis- 
charge end was open, but at the feed end was a diaphragm having an 
opening just large enough for the feed pipe from a mechanical feeder 
to be slipped through readily. This feeding device was capable of 
delivering varying amounts of feed. 

Figure 1 is a photograph of the electrically heated kiln and shows 
the mechanism, including friction disk drive, gear for adjusting slope, 
variable feeder, collecting rings for electric heating current, tires, 
and bearings. 
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FIGURE 1.—Experimental rotary kiln 
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EFFECT OF VARIABLES ON TIME OF PASSAGE 3 


METHOD OF STUDYING THE PROBLEM 


The chief problem attacked was determination of the time intervals 
required for a given material to pass through the kiln under varying 
conditions; in other words, the rate of advance per foot. The time 
of stay was determined as follows: The kiln was fed at a uniform rate 
until the bed in the whole kiln had come to a condition of equi- 
librium and the rate of discharge was constant; then the weight of 
material discharged in a given time (usually 15 minutes) was found. 
The kiln was stopped, the feeding device disconnected, and the ma- 
terial remaining in the kiln discharged mechanically. From these 
two weighings the duration of stay is at once determined. Let r= the 
weight of material discharged in y minutes, and let z=the weight of 
material remaining in the kiln; then zx y/z=time of passage of the 
average particle of material through the kiln. 


EFFECT OF VARIABLES ON TIME OF PASSAGE 


The time of passage was studied as a function of each of the fol- 
lowing variables: Slope of kiln, rate of feed, r. p. m., length of kiln, 
diameter of kiln, angle of repose of the material, and the size of the 
material. Each variable was investigated separately; all other 
things were constant except the one being investigated. For example, 
in determining the effect of the slope of the kiln a given material 
was used and the kiln rotated at a constant speed, with a constant 
rate of feed, and in a given kiln the only thing changed was the 
slope of the kiln itself. 


EFFECT OF SLOPE OF KILN 


To determine the effect of the slope of the kiln, different materials 
(a partial list is included under the subhead “Effect of angle of 
repose”) were passed through the kiln, all other conditions but 
the slope being kept constant. The investigation has shown that 
the time of passage is inversely proportional to the pitch or slope 
of the kiln in degrees; that is, the time of passage at 6° is one-half 
of that at 3°, other conditions being constant. Tables 1 and 2 and 
Figures 2 and 3 will show this. Ottawa standard sand, 20 to 30 
mesh size, was used in many of these tests in order to allow check by 
other investigators. This sand is in common use by civil engineers 
for testing cement in standard forms. 


TaBLE 1.—Otlawa standard sand in 6-inch kiln at 2.5 r. p. m. 


Angle, d ae: is ac Angle, d ant * Be = 
ngle, degrees iln ngle, degrees vIn, 
minutes, minutes minutes, | i nutes 
c. c. C.¢. 
Listiotvaeeremeeencca ds asus 3, 585 BODEN Ait fink a 3 oot eae bese ecie 4,135 14.2 
ss iar TN sac cds aah ted 4, S2l Pe God dea aareed ead. ok tate Paani. 4, 3UU 10.9 
Diattiakis atone Sg eG uns eae 4, 105 WES ote lnk uae a een aieN ee en 4, 250 gd 1 
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TaBLE 2.—Olttawa standard sand in 6-inch kiln at 2.5 r. p. m. 


| Feed in Tene in 


iln Angle, degrees 
minutes 


Feed in 
15 ae aie in 15 


Angle, degrees 


minutes, 
c. Cc. 


In Figure 2 there is a dropping-off effect at 1° which might tend to 
indicate that the conclusion that the time is inversely proportional 
to the pitch is not true at low angles. It will be noted, however, 
that in Figure 3, which represents results with the same material 
at a lower rate of feed, the apparent discrepancy is not very noticeable. 
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FiGURE 2.—Ottawa standard sand in 6-inch kiln; 2.5 r. p. m.; feed, 16,000 c. c. per hour 


To determine why this effect is apparent when the bed is deep and 
not when it is thin, a device was made for measuring the depth of 
bed of material along the entire length of the kiln while the kiln was 
in motion. This device consisted of a cam-shaped piece of sheet 
metal set on a steel rod which was accurately centered on the axis of 
the kiln and placed in bearings so that the cam could be placed at 
any point along the axis of the kiln and then rotated until it barely 
touched the surface of the bed of material passing through the kiln. 
Previous calibration allowed the depth of the bed of material to be 
read in this way. 
DATA ON DEPTH OF BED 


Tables 3 and 4 and Figures 4 and 5, in which the depth of the bed 
is plotted on an exaggerated scale, contain data corresponding to 
Tables 1 and 2 and Figures 2 and 3. 
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p. m. 


TaBLE 3.—Depth of bed of Oltawa standard sand in 6-inch kiln at 2.6 r. 
with rate of feed approximately 4,000 c. c. per 15 minutes 


Depth of bed, millimeters 


Distance from discharge end of kiln, inches 


1° slope | 2° slope | 3° slope | 4° slope | 5° slope | 6° slope 
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FicuRE 3.—Ottawa standard sand In 6-inch kiln; 2.6 r. p. m.; foed, 1,500 c. c. per hour 


2 slope | 3° slope | 4° slope 


Depth of bed, millimeters 


° slope 


| 1 


rate of feed approximately 575 c. c. per 15 minutes 


TaBLE 4.—Depth of bed of Ottawa standard sand in 6-inch kiln at 2.6 r. p. m. with 
Distance from discharge end of kiln, inches 
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6 PASSAGE OF SOLID PARTICLES THROUGH ROTARY KILNS 
EXPLANATION OF DIFFERENT RESULTS FOR THICK AND THIN BEDS 


Comparison of Figures 4 and 5 shows why this apparent discrepancy 
is noted at 1° for the deep bed. There is a “piling up” at the feed 
end of the kiln when the bed is deep, which does not occur when the 
bed is thin. Inasmuch as there is a piling-up effect, the material is 


DEPTH OF BED IN KILN, MM. 


FEED END DISTANCE FROM FEED END OF KILN, FEET- DISCHARGE END 


FicurE 4—Depth of bed of Ottawa standard sand at different points In kiln; 2.5 r. p. m.; 
slope, 1 to 6°; feed, 16,000 c. c. per hour 


actually traveling down a steeper slope than that indicated by the 
slope of the kiln, consequently the material should be expected to 
pass through the kiln faster than would be required by the relation- 
ship tx1/p. In a thin bed this piling-up effect is nearly negligible, 
and the plot of ¢v.1/p includes very nearly all the points on a 


ee ee ee 
canis Reena) Gree Deeb 


EPTH OF BED IN KILN, MM. 


oO | 2 3 & 5 6 7 
OFEED END. DISTANCE FROM FEED END OF KILN, FEET DISCHARGE END 


FiourE 5.—Depth of bed of Ottawa standard sand at different points in kiln; slope, 1 to 4°; 
feed, 1,500 c. c. per hour 


straight line, even at 1°. The reader should note that this piling up 
is a special effect found only at one end of a kiln and may be negli- 
gible in commercial kilns, as their length is great in comparison 
to their diameter. It is doubtful if this effect is at all noticeable 
in a kiln 100 feet long. Furthermore, in actual practice, most kilns 
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run at an angle much greater than 1°, usually 0.75 inch per foot 
(3.57°) or 0.5 inch per foot (2.39°). 


DATA ON SEVERAL MATERIALS | 


Tables 5 and 6 further show that this relationship (¢« 1/p or 
tX p=constant) is true: 


TaBLE 5.—20 to 30 mesh quartz in 6-inch kiln at 2.6 r. p. m. 


Foed in | Timein 


Feed in | Timein 
i Angle, degrees 15 min- 


Angle, degrees 15 min- kiln, 
utes, c.¢c. | minutes 


d asoeeiareiseeve wee 3, 221 29. 5 Be we nnw ene cen enn nese 3, 280 
A tnavang esas eeesno’ 3, 240 20. 6 6. 2 ee nen ee w enn nn nne 3, 365 
fete ceseoseeees 3, 320 15. 4 


TABLE 6.—20 to 30 mesh copper amelting slag in 6-inch kiln at 2.6 r. p. m. 


Feed in | Time in *! Feedin | Timein 


Angle, degrees 15 min- kiln, (Xp Angle, degrees 15 min- kiln, ‘xp 
utes, c.c.| minutes utes, c.c.| minutes 
7 CR Ree ee ee = 3, 255 6.8 || f..---------- eee 3, 462 12.5 62.5 
Bicroe gh SS Sige 3, 9 21.2 680-6: 1 6ios ccc esse sae. cees 3, 280 10. 1 60. 6 
Wcioaie eee Oeses 3, 490 15.3 Oe | Ee; eee ee eee 4, 430 7.5 60.0 


An abundance of data was collected, but those given will suffice. 
References to tables and curves given in later parts of this discussion, 
however, will also tend to prove that time of the passage through 
the kiln varies inversely as the pitch or slope expressed in degrees. 


USE OF ANGULAR MEASURE 


The use of angular measure in place of trigonometric functions in 
the derived kiln formula may be explained here. For the slope or 
pitch of the kiln p, the angles studied usually ranged from 1 to 8°, 
and in this range the angle p and sin =p or tan p are directly propor- 
tional to each other for the first three significant figures of the ratio 
sin p/p or tan p/p, which is as close as could be measured. It is 
therefore more convenient to use the circular measure and eliminate 
the trigonometric function. For the angle of repose of the material, 
it was found empirically that the use of angular measure in the 
formula gave more exact figures than the use of any trigonometric 
function. Dimensionally the kiln equation is correct. 


pa LTT VO 
pan 
it. 
Sec." Ft, x 1/sec. 
Sec. = sec, 
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However, at best the kiln equation is empirical and the simplest 
form in which it was possible to express the equation and still retain 
accuracy has been chosen. 


EFFECT OF RATE OF FEED 


The variable, rate of feed, was studied, all other factors being kept 
constant. As the kiln was equipped with a mechanical feeding 
device, the rate of feed could be varied over rather wide limits. The 
following tables show the conclusion to be drawn from this study, 
namely, that the time of passage through the kiln is independent of 
the rate of feed. 


TABLE 7.—Effect of rate of feed of 30 to 50 mesh crushed quartzite in 334-inch kiin 
at angle of 8° 


Feed in 15 Time in Feed in 15 Time in 


minutes, kiln, Ininutes, kiln, 
c.c. mninutes €. C; minutes 
135. 1 11.5 427.6 11.0 
200. 0 11.4 465. § 11.2 
265. 8 11.1 $10. 2 11 
34¥. 5 11.3 


| 
{ 


TABLE 8.—E ffect of rate of feed of 60 to 80 mesh crushed quartzite in 334-inch kiln 
at angle of 3° 


Fead in 15 Timein (| Feed in 15 Timea in 


minutes, kiln, minutes, kiln, 
c.c. minutes Cs; minutes 
123.0 32. 2 244.0 36. 2 
170.8 32.3 297. 2 33. 
192. 6 35. 2 | 308. 8 32. 6 
.6 37.3 


| 


Also compare the corresponding figures in Tables 1 and 2. Here, 
except at 1° and slightly at 2°, where abnormal results already 
accounted for exist, the time of passage is virtually the same at 
corresponding slopes of the kiln, although the feed is over 10 times as 
great in one instance as in the other. Table 8 was chosen because it 
shows about as wide a variation of results as any set studied but still 
indicates a very definite relationship. Tests showed that when the 
rate of feed was so high that the maximum amount of material which 
the kiln could handle was introduced, the time of passage increased 
slightly, but never more than about 5 or 6 per cent. 

Investigation of the effect of rate of feed shows that over a very 
wide range, at least, the time of passage is independent of the rate of 
feed. The only effect of a higher rate of feed is to give a deeper bed 
of material in the kiln. Of course, per unit weight of material, the 
surface area exposed to kiln gases is lessened when the rate of feed is 


increased, 
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EFFECT OF RATE OF ROTATION 


The effect of the rate of rotation of the kiln was studied by feeding 
a given material through the kiln under given conditions and then 
repeating with the kiln revolving at a different rate. This investiga~ 
tion, as the following tables show, proved that the time of passage is 
inversely proportional to the speed of rotation. Table 9 is based on 
the assumption that t « 1/n. 


TaBLE 9.—Comparison of ae of pas ane of Ottawa standard sand in 34-inch 


kiln at 2.0 and 2.8 r. p. m. 
Time of passage | Time of passage 
Time of | at 2.0 r. p. m., min- Time of | at 2.0r. p. m., min- 
passage utes passage utes 
Angle, degrees ul 2.8 Angle, degrees at 2.8 
r. p. m., r.p. m., 
minutes Ob- Calcu- minutes Ob- Calcu- 
served lated served lated 
27.0 D4 Bice Sele cette bes 7.4 10.0 10. 4 
2U, 2 7. UNE iL We 9 rene eee ee ee 6.0 8.0 &B4 
16.0 16.4 || ld. cee 6.0 6.6 7.0 
13. 4 13.7 


Table 10 gives the data comparing runs made with 50 to 80 mesh 
crushed quartzite at 1 and 2r. p. m. 


TaB_Le 10.—Runs with 50 to 80 mesh quartzite 


Time of passage Time of passage 
Time of | 8t 2r. p. m., min- Time of | at 2r. p. m., min- 
Passage utes passage utes 
Angle, degrees at 1 . . Angle, degrees atl . 
r.p.m., r.p.m., 
minutes Ob- Calcu- minutes Ob- Calcu- 
served luted served lated 


os 


0. 6 
8.4 
6.9 


Table 11 gives a comparison of 20 to 30 mesh quartz in the 11}4-inch 
ln at 1 and 1. 6 r. p. m. 


TaBLE 11.—Comparison of 20 to 30 mesh quartz at 1 and 1.6 r. p. m. 


Time of passuge Time of passage 


| 
j 
Time of | a 1.6r. p. m., min- Time of , at 1.656. p.m., min- 
passage ules passage | utes 
Angle, degrees at | Angle, degrees atl: 
r. p. m., r. p. in, 
minutes Ob- Caleu- minutes 
served lated 
a a a ee i as ee = 
eee 33. 2 20. 5 DOT inns Moat atic’ ties 15.7 
gees 25. 2 16.5 We 7 li Pncecw iiss, actuuieacna's 12.4 
Soe Serene, 19.2 12.0 12.0 | 


_ These tables bear out the conclusion that the time of passage is 
inversely proportional to the rate of revolution of the kiln. 
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10 PASSAGE OF SOLID PARTICLES THROUGH ROTARY KILNS 
EFFECT OF LENGTH OF KILN 


The effect of the length of the kiln is self-evident. The rate of 
advance per foot is what is being measured, so the time of passage is 
directly proportional to the length. The reader should note, however, 
that this is not absolutely true when a very short kiln is compared to 
avery long one. The piling-up effect mentioned under the study of 
the effect of the slope is an ‘‘end’’ phenomenon and is apt to cause 
disturbing effects in short kilns at low angles with heavy feed. More- 
over, at the discharge end of the kiln there is a ‘‘dropping-off”’ effect, 
which is explained by the fact that the particles in coming near the 
open discharge have nothing to support them and instead of the 
uniform bed of material going entirely to the end and then falling 
off there is a gradual fall which reaches back several inches in the 
smaller kilns, and probably farther in commercial kilns of large 
diameter. Piling up and dropping off are both end effects, hence 
under certain conditions direct comparison of very short and very 
long kilns is not strictly possible. 


EFFECT OF DIAMETER OF KILN! 


As stated, kilns of four different sizes were available, a 334-inch 
kiln 5 feet long, and 6-inch, 11 14-inch, and 1934-inch kilns 7 feet long. 
In comparing the 334-inch to the other kilns the time of passage was 
multiplied by 7/5 to make the correction for difference in length. The 
following tables contain data which prove that the time of passage is 
inversely proportional to the diameter. 

In Table 12 the calculated time in column 3 is found by multiplying 


the observed time in the 334-inch kiln by atk x 7/5. 


TABLE 12.—Effect of diameter on time of passage of Ottawa standard sand in 334- 
inch and 11\4-inch kilns at 1 r. p. m. 


Time of passage, Time of passage, 
minutes minutes 
Angie, degrees Angle, degrees 

Observ- Caleu- Observ- | Calcu- 

ed lated ed lated 
Le aN Oe ee ee er Le Ae 26. 4 es Bec e rs a ee ot base eae 9.0 9.1 
ONS aches Rea te MPa ts ide Be hae 17.8 17.3 LO note i eee eo ee Rare uo 6.9 
Be Oe AE a Sree Bee ah 14. 4 14.6 Derk sere Se ee Dee eee 5.7 5.7 

Waa S a ect re tare BI et nt 11. 65 11.4 


Tables 13 and 14 give data on the 6-inch, 1114-inch, and 1934-inch 
kilns. 


1 Some of the measurements in the 198{-inch kiln were made by B. Reynolds, department of mining, 
University of Cahfornia. 


Google 


EFFECT OF VARIABLES ON TIME OF PASSAGE 11 


TaBLeE 13.—Comparison of time of passage of Oltawa standard sand in 1934-inch 
and 11-inch kilns at 1.0 r. p.m. 


+ 


| 
Observed | Calculated 


’ Observed | Calculated 
time in time in i ime i 


Angie, degrees 19.75-inch | 11.5-inch Angle, degrees 19.75inch | 11.5-ineh 
kiln, iln, kiln, kiln, 
minutes minutes | minutes minutes 


TaBLE 14.—Compartson of time of passage of Ottawa standard sand in 6-inch and 
1934 -inch kilns 


Time of passage in 193{- Time of | Time of passage fn 1934- 
inch kiln, minutes passage inch kilo, minutes 

Angle, observed in 

—_—_—__————|__ degrees . - Sa 
6-inch kiln, 

tes | Observed | Calculated minutes | Observed | Calculated 

21.8 feces eoeett 21 6.1 6.6 

13.0 bE Fa) | A ne 17.5 4.9 6.3 

& 8 Ose coe cecte 14, 40 4.4 


With the exception of the 6-inch tube, the shells were not entirely 
uniform in cross section, nor were the cross sections true circles. 
Therefore, the above results are quite satisfactory and serve to 
justify the conclusion that the time of passage of a particle through 
a rotary kiln varies inversely as the diameter of the kiln when other 
factors are constant. 

ANGLE OF REPOSE 


By watching the advance of particles through a rotary kiln and 
tracing their path on the shell of the kiln it is found that the particles 
are carried up the kiln in a mass of material which is quiet relative to 
the kiln; then, after reaching a position where the angle of repose of 
the material is exceeded, roll down to the bottom of the kiln again and 
in so doing advance toward the outlet because of the inclination of 
the axis of the kiln. The actual path of a particle on the shell of 
the kiln is a helix. The average particle follows a helix whose diam- 
eter is somewhat less than that of the kiln. 

The writers observed that when the kiln was rotating very slowly 
the material stuck to the kiln, and after the angle of repose was 
exceeded it would suddenly rush down until the angle of the surface 
to the horizontal was such that sliding or rolling friction stopped the 
movement. If the rate of rotation of the kiln was more rapid, the 
“slumping” or sudden rushing was not observed and there was 
instead a continuous sheet of particles rolling down the surface of 
the mass in the kiln. These two forms of falling were named 
“slumping” and “continuous fall.’’ 
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12 PASSAGE OF SOLID PARTICLES THROUGH ROTARY KILNS 


DEFINITION OF ANGLE OF REPOSE 


If the condition of slumping is analyzed further, it is seen that 
when the kiln is rotated slowly all the mass of material in it which 
occupies a sector of the cross section of the kiln sticks together until 
rotation of the kiln has carried it up to the angle where it starts to 
roll or slide down the steep slope so created. This is the angle which 
is designated as the angle of repose and is defined as the angle beyond 
which the material will not stand and will start to slide or roll. It 
will be recalled that starting friction is greater than sliding friction, 
and in accordance with this rule the material, after once starting to 
slide in a slowly moving kiln, will roll or slide rapidly down until the 
angle of the surface with the horizontal is such that sliding friction 
stops the motion and the whole mass of material comes to rest again. 
This final angle might be another angle of repose and, in fact, is the 
one usually described by geologists, engineers, and others who are 
interested in the angle at which material stands when it comes to 
rest. The authors, therefore, use the angle of repose to denote the 
condition where motion is just about to begin instead of where motion 
is just about to cease. ; 

All the peculiarities of the material, such as smoothness, shape of 
particles, density of particles, and other physical factors, are reflected 
in the angle (or angles) of repose; therefore, the material is defined 
enough for present purposes when its angle of repose is measured. 
The effects of different factors on the angle of repose are also interest- 
ing and will therefore be discussed at some length. 


EQUIPMENT FOR MEASUREMENT OF ANGLE OF REPOSE 


A method of measuring the angle of repose was devised in the 
laboratory and is illustrated in Figure 6. A tin can about 17.3 cm. 
in diameter and 24.1 cm. long was.mounted horizontally upon a 
circular wooden block, which in turn was set on a pillow block so 
that it was free to rotate. A smaller can 13.2 cm. in diameter and 
21.6 cm. long was also used. The front end of the can was cut out 
and a plane plate of glass was clamped on it. A 360° circular pro- 
tractor made of paper was mounted on the bench behind the can, 
with the axis of the protractor in the same line as the axis of the 
pillow block, which in turn was in line with the axis of the can. A 
horizontal bar was mounted on the floor in front of the can, and a 
bevel protractor on this bar was used to measure the angle of the 
material in the can. A pointer was put on the wooden block carry- 
ing the can and used for reading angles on the circular protractor 
mounted behind the can. A given quantity of the material to be 
measured (1,000 c. c. is convenient for a can of this size) is inserted, 
the glass front clamped on, and the can rotated. When the can is 
rotated very slowly to a certain point, the material in it slumps. 
The angle after the slump can be read with the bevel protractor, and 
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Bureau of Mines Technical Paper 384 


FIGURE 6.—Laboratory apparatus for measuring angle of repose 
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the number of degrees necessary to rotate the can in order to get a 
slump can be read with the pointer and the circular protractor. 
Evidently, the angle after the slump plus the angle through which 
the can rotated before the slump is the angle of repose. 


METHOD OF MEASUREMENT 


In the Bureau of Mines laboratory the angle of repose was meas- 
ured as follows: The can was rotated until the bed was uniform 
throughout the entire length; then the can was rotated just enough 
to cause a slump. The angle on the circular protractor was read. 
The can was then rotated until another slump took place, and the 
angle after slump was measured with the bevel protractor—so on 
for 10 measured slumps. Then the angle on the circular protractor 
(the angle traveled in the 10 slumps) was read. The average angle 
after slump plus the average peripheral change equals the angle of 
repose. Usually 5 sets of 10 slumps each were measured, so the 
angle of repose recorded was the average of 50 separate readings. 


ADVANTAGES OF METHOD 


This method of measuring the angle of repose is simple and rapid. 
If the material is in large chunks, a larger can could be used, or even 
half a barrel. Furthermore, to have the can or barrel mounted is 
not absolutely necessary. It might be rolled on a smooth floor, the — 
distance traveled in a given number of slumps measured, and the 
angle calculated from this. 

For ordinary angular particles the angle of repose has been found 
to be virtually independent of the lining of the can as long as its sur- 
face is rough, but if the surface is smooth the material in the can 
sips around too much. Table 15 illustrates this. 


TaBLE 15.—Relation between lining of can and angle of repose 


Angle of 

Material Lining of can! repose, 

degrees 
12 to 20 mesh quartz............2...--22..-.--2--. 35. 89 
Ottawa Standard sand_............-------.-- 30 to 50 mesh quartz_.......-2-.----.222-22--- 28 35. 22 
80 to 100 mesh quartz._.........-.-2-222--- ee 35, 08 
Ottawa Standard Sand.........--..2..22---...--- 35. 04 
12 to 20 mesh quartz............--.--.-..-------- 42,18 
30 to 50 mesh quartz._..........-.-.-.--.---- 30 to 50 mesh quartz__-..._---222 2-2 eee eee 42. 81 
80 to 100 mesh quartz.....-...........---.---_--- 42. 27 
Ottawa standard sand......_-..22..22 222-2222 e eee 42,33 


1 Held by glue. 
EFFECT OF VARIABLES ON ANGLE OF CONTINUOUS FLOW 


The particles sometimes slump, but if a certain critical rate of 
rotation of the kiln is exceeded they fall in continuous flow. To 
study the effect of speed of rotation and depth of bed on this occur- 
rence, a set of cone pulleys was made and the speed of rotation at 
which continuous fall began with different depths of bed was studied. 

89793°—27——_-3 
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When the volume of the material in the can was plotted as the ab- 
scissa and the critical speed as the ordinate, the value of y decreased 
rapidly with increasing feed and then became nearly constant over a 
rather wide range. Table 16 and Figure 7 together give the data. 
When, however, the volume of the material in the can approached 
one-half of the total volume of the can, the critical speed rose slightly. 
With a large can and a depth of bed of only a few particles of ma- 
terial the critical speed first increased and then dropped off as usual. 
By using four different cans of the same length but of different diame- 
ters (d= 7.9cm., 12.8 cm., 17.3 cm., and 21.5 cm.) the speed of rotation 
which just brought about continuous fall for the same volume of ma- 
terial varied as the square of the radius of the can, except for very 
thin or very deep beds of material. The work done does not justify 
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VOLUME OF MATERIAL USED,CC. 
FicurR£ 7.—Critical r. p. m. at which continuous flow occurs with different volumes of material; 
total volume of can, 5,660 c. c.: a, 20 to 30 mesh quartz; b, Ottawa standard sand 


a more thorough discussion of the subject, but some one interested 
may study the factors that involve continuous flow and those that 
cause the abnormal results with very low and very high feeds. 


TABLE 16.— Minimum rate of rotation for continuous flow in small can ! 


Material Volume, | R. p.m. | Material Volume, | Rp. p. m. 
100 2 30 | 100 5. 98 

200 2, 10 || 200 5.05 

250 1. 90 |; 300 4. 54 

300 1.40 400 4. 26 

Ottawa standard sand.......- 400 1,14 |: 500 3. 81 
500 . 76 || 20 to 30 mesh quartz.......... 750 3. 52 

750 . 70 |: 1, 000 3.13 

1, 000 73 1, 250 2. 90 

1, 250 209 1, 500 2. 87 

1, 600 80 |) 1, 750 2. 87 


1 Can, 13.2 cm. diameter, 21.6 cm. long, 2,960 c. c. volume. 
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The angle of continuous flow of the material in the can was studied. 


_ Results showed that the angle was constant regardless of the amount 


of material in the can (250 to 1,000 c. c.), that the angle remained 
constant throughout a wide range of speed of rotation, and that the 
angle was between the angle of repose and the angle after slip. For 
Ottawa standard sand the angle of repose was 34.4°, the angle of 
continuous flow 31.7°, and the angle after slip 29.2°. For 12 to 20 
mesh crushed quartzite @ was 43.4°, the angle of continuous flow 
37.7°, and the angle after slip 33.9°. 

Knowledge of the speed at which continuous fall takes place may 
prove to be valuable in certain industrial plants because of its bear- 
ing on the elimination of loss by dusting. No other application of 
the phenomenon is obvious at present. 


— 
e 
ee 


DENSITY OF SOLUTION 
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-7 #-6 -S -4 3 «2 =! 
LOG OF DEVIATION OF ANGLE OF REPOSE 
Fictre 8.—Effect of den sity of medium on angle of repose of Ottawa standard sand 


EFFECT OF LIQUID MEDIUM ON ANGLE OF REPOSE 


The effect of a liquid medium on the angle of repose was studied. 
Measurement of the angle of repose of several materials in water 
at temperatures ranging from 20 to 75° C. showed that the angle 
differed very little from the angle in air and that within the limits 
of experimental error no difference attributable to the different 
temperatures of water could be detected. The angle of repose of 
Ottawa standard sand in air was 34.34°; in water at 20.5° C. it was 
34.45°. The mean of about 25 readings between 25 and 75° C. was 
34.44°, 

A study was made of the effect of the density of the liquid medium 
on the angle of repose. Table 17 and Figure 8 show that the graph 
of the density of solution plotted against the log of the deviation of 
the angle of repose in air is a straight line. Interpretation of the 
physical meaning of this fact is difficult and, as the fact seems to 
have no practical value, has not been attempted. 
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16 PASSAGE OF SOLID PARTICLES THROUGH ROTARY KILNS 
TaBLE 17.—Effect of density (d) of medium on angle of repose 


Deviation 
Angle of ots 


Medium repose, Log of 


degrees deviation 
AIP 6232256 ead cha wemlaas eosteee cose cewee de seesseatee mee oe ee O40 OE oe oe eee ce loteew tee 
PU gOY A Gielen Oh eat la eet ee Git athe D i Oe Sei Cue 34. 45 —. 9547 
*“Hypo”’ solution: 
Ode in oe a eee ect ot tates eee Sees ie ae Stott ee oe oh 34. 53 —. 7212 
M2 ss i al tat og oe ae Sse fa idea Ma a Aan a a te Na to 34. 74 —. 3979 
G4 ke haga at tgs Mite Mircette re ayes Nr ee Pn tar 35. 97 +. 2122 


EFFECT OF SIZE OF PARTICLES ON ANGLE OF REPOSE 


The angle of repose for particles smaller than 10 mesh was very 
nearly independent of the size of the particles. A sample of 12 to 
20 mesh crushed quartzite had an angle of repose of 43.4°; 30 to 50 
mesh, 42.5°; and 50 to 80 mesh, 42.6°. As the size of particles 
increases, however, the angle of repose increases. For 20 to 30 mesh 
quartz 6 was 40.6° and for 3 to 4 mesh was 48.7°. A mixture of 
1 part 20 to 30 mesh to 1 part 3 to 4 mesh had a 0 of 42.7°; 2 parts 
3 to 4 mesh to 1 part 20 to 30 mesh, 43.2°; 3 parts 3 to 4 mesh to 
1 part 20 to 30 mesh, 45.1°. 

For this one material, at least, the different sizes have different 
angles of repose, and the minimum angle is for material of 20 to 30 
mesh size. Maxtures of different sizes have angles of repose inter- 
mediate between those of the separate sizes. 


EFFECT OF ANGLE OF REPOSE ON TIME OF PASSAGE OF PARTICLES THROUGH 
ROTARY KILNS 


It has been shown that: 

tx1/p 

tec l/n 

tx 1/d 

tx] 

t =independent of rate of feed. 
Introducing a proportionality constant k, 


This equation might itself be called the ‘‘kiln equation.”’ The 
time of passage, however, varies with the angle of repose of the 
material. It is a function of the angle of repose of the material 
while the kiln is in motion, but measurements have shown that the 
angle of repose as measured in the small can is virtually identical 
with the highest angle the material reaches in the kiln while in 
motion. As this leads to simple measurements before the kiln is 
constructed, it has been chosen as the most satisfactory, useful, and 
convenient. The material rises to a certain point in the kiln and 
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then falls. The height to which it rises js a function of the angle 
of repose. The time of falling is negligible compared to the time of 
rising; hence the angle of repose is the determining element of time 
of passage. 
ANGLE OF REPOSE OF VARIOUS MATERIALS 

The angle of repose of several materials was measured and k from 
2 to 8° calculated (measurements made in the 6-inch kiln); it was 
found that plotting log & v. log @ produced a curve closely approaching 
a straight line. Table 18 and Figure 9 give the data. 


TABLE 18.—Table of angle of repose and k 


Material 6 Logio 8 k Logi k 

BNO he Lg i os oe ea ioe Suto ower eda venue tie cade 24. 4 1. 3874 7.19 0. 8567 
NEE Oe an Sande aie a ie seg rece tel en ei rc 32. 8 1. 5159 9. 00 . 8542 
Ottawa standard sand (20 to 30 mesh)...............-.-.------- 34.4 . 5366 9. 96 . 9983 
River sand (20 to 50 mesh)....._......-...---.-------- eee ee eee 38.7 1. 5877 10. 64 1. 0269 
uartz (20 to 30 mesh).._.._..._.---.__-__-------------- eee 40. 6 1. 6085 10. 92 1. 0382 
oal (20 to 30 mesh)... eee eee eee eee eee ee 41.7 1. 6201 11, 25 1.0512 
Copper slag (20 to 30 mesh)... _..----.-------e eee eee ee eee te 42.4 1. 6274 10. 96 1. 0398 
Stibnite (20 to 30 MES) cb ehoe Shots dais tous eee 42.5 1. 6284 11. 14 1. 0469 
Coke (20'to BO. mesh) oo 5 one ve eens catches coe eee ces uel eee bsese 4.3 1. 6464 11. 85 1. 0737 
Beet RRO ce Dona ck uth cn tine he ecient onsiet bk cw poenes 50.9 1. 7067 11. 49 1. 0603 
DOW AUG cen he hg erent ite laitiet aS oe nc ent Casita nee 55. 6 1. 7451 12 40 1. 0034 


As the plot approaches a straight line the equation is of the form: 
k =a 
or log k=log a+n log @ 
let «z=logk 
y=log 0 
When x, = 1.733; y,=1.10 
z,= 1.530; — y, =1.00 
y=nit+b 


nae 
t3— 2; 

1.10—1.00 0.10 

1.733 —1.53 0.203 


1.00 = (0.492) (1.53) + log a 
log a=0.2472, a=1.77 
k =1.770-4 
oT approximately k=1.776 
Which is approximately k=4+/ 70 
or L771yo _ ly78 


=0.492=n 


pdn re (approx.). 
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Lead shot seem more abnormal than any of the other materials 
studied. During the first run with this material the abnormality 
was even greater (k =4.56), but when the inside surface of the kiln 
was relined with coarser material the error was lowered from about 
50 to about 15 per cent. As shot are round, they tend to roll down 
the kiln and thus travel through it too fast. Making the inside of 
the kiln rougher largely eliminated this tendency, which could 
probably be reduced even more by making the inside still rougher. 


136 L40 1.52 an T=) 64 L68 17 


FIGUBE 9.—Variation of kiln constant with material 
EXAMPLE OF USE OF FORMULA 


The following tables show how well the formula holds for some of 
the materials studied in the laboratory kiln: 


TABLE 19.—Calculated and observed time of passage of some materials through the 
6 by 84 unch kiln 


Calcu- 
Observed 
bose Angle, lated : 
Material degrees Cine a 
minutes es 
2 30. 8 30. 1 
3 20.5 20. 0 
RIVersang ... seo stosi coe ete oy sole a ie yh eee Lor ee wed 3 : i. : 
6 10.2 9.9 
8 ie ree | 
i 2 32.0 32.7 
3 21.3 21.4 
(Gal(20 to: 30 mesh). 22. coors dieee tea, 1k usee cy, i ane ie 
6 10.6 10. 3 
8 8.0 7.5 
2 32.2 32. 5 
3 21.5 21.4 
Stibnite (20 to 30 mesh).........._.........---- eee eee ee eee eee ; 1 j a : 
6 10.7 10.3 
8 8 05 7.5 


a 
ne 


These typical data suffice to show how well the formula holds. 
The error will be greater for the two extremely unusual materials, 
lead shot and sawdust, as these points were farther from the straight 


Google 


ag ee ice Pao ed 7 
eS aD ‘eee ee 


EFFECT OF VARIABLES ON TIME OF PASSAGE 19 


line on the logarithmic curve. The very close approximation of the 
calculated to the observed time at 2, 3, and 4°, the working angles in 
commercial kilns, is to be noted. With the exception of such abnor- 
mal materials as lead shot and sawdust, the average mean error in 
the calculated time of passage of the materials studied was less than 
6 per cent. 


EFFECT OF TEMPERATURE IN LABORATORY KILN 


Two runs were made with the 33-inch kiln at about 900° C. to 
test the effect of temperature. One run was made with Ottawa 
standard sand, a material that neither sinters nor gives off gas during 
heating. It was found that temperature had very little influence 
on time of passage, as Table 20 shows. 


TaBLE 20.—Comparison of Ottawa standard sand in cold and in hot furnace 


Time of | Time of Time of | Time of 
passage passage passage | passage 
Angle, degrees (cold), (hot), Angle, degrees (cold), | (hot), 
minutes | minutes minutes | minutes 
Dec tat kata third teh ey aed: 7. 57 Webs Os Gee eae ee eee 3.7 3.5 
Nee ered Rice aa Saree 615 a Hs |S (<n Cs PDE NONE arte EMO 2.97 2. 94 
OW tact ee ay elas 4.7 4.5 


A run was made with magnesite, a material that gives off gas 
during heating. Here it was found that the time of passage was 
materially lessened when the temperature was raised. Table 21 
gives the data at 6 and 8°. 


TABLE 21.—Comparison of magnesite in hot and in cold furnace 


Time of | Time of 

Passage | Passage 
Angle, degrees (cold), (hot), 

minutes | minutes 


In commercial kilns, such as cement kilns, where there is a period 
of drying, then calcining, and finally clinkering, the physical condition 
is likely to be different for each stage and correspondingly affects the 
lime of passage. 

EFFECT OF WETTING PARTICLES 


Ottawa standard sand and quartz particles were wet with oil. Oil 

Was used instead of water because the evaporation is very slight and 

same degree of wetness would prevail for some time. The angle 

of repose changed greatly, but the time of passage was nearly the 

Same in both the dry and the wet condition. Table 22 for Ottawa 
Standard sand and Table 23 for quartz give the data. 
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This failure of moist material to follow the kiln formula would be 
disturbing were it not for the observation that this material has 
virtually the same time of passage as when dry. It was also found 
that for coal wet with 7 per cent by weight of oil, the time of passage 

changed but little and was very nearly the same as in the dry con- 
dition, although the angle of repose changed from 41.7 to 60.8. It 
is necessary, then, to measure the angle of repose of dry material. 


TABLE 22.—Comparison of the time of passage of Ottawa standard sand when dry 
and when wet with 1 per cent by weight of oil 


Time of Time of 
passage passage 
Angle, degrees when dry | when wet 
(@=34.4), (9= 46.3), 
minutes minutes 


TaBLE 23.—Comparison of the time of passage of quartz when dry and when wet 
with 1.6 per cent by weight of otl 


Time of Time of 
passa: . Passage 
Angle, degrees when when wet 
(d= 40. 6) (9=50.2), 
minutes minutes 
Pete Se | enna, 
Bie Doce ors isa oie Pte od olan eae et er eal Sars ead pea it Gots ee eed 29.5 29.0 
6 VE Merk id ede nN AAEM prs ert ek Ace APN Pet tory Spl ER GI errs eet SLE Nes SOE See NE AEE SIE Ge ee ae SPR | 15. 4 14. 9 
Oa ices ee ks er AN ee ee ate See Ne he SRI arate La i Peak | 10.0 9.38 


EFFECT OF CONSTRICTIONS OR ‘‘NOSE RINGS’’ 


An investigation of the effect of constrictions in determining the 
time of passage of particles through the kiln seemed desirable. 


FORMATION OF NOSE RINGS 


“Nose rings’’ are often formed in kilns, usually at a point rather 
close to the place where sintering starts. In cement kilns these 
rings are formed about 20 to 25 feet from the discharge or flame end. 
The size and width of nose rings may vary, but ordinarily they are 
not allowed to become too large. Constrictions are also sometimes 
built in kilns to increase the time of passage. 


POSSIBLE CONDITIONS OF BED 


There are three possible conditions of shape of bed relative to the 
kiln and nose ring. The first is condition c in Figure 10, where the 
feed produces such a depth of bed that if a constriction was absent 
the average depth of bed of the material would be less than the height 
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of the nose ring. The depth of bed which would be produced by a 
given rate of feed in an unobstructed kiln is called the “uniform bed.” 
In case ¢ a condition of uniform bed for a part of the kiln results; 
then follows a certain piling up near the nose ring, which permits the 
passage of material through the constriction. Case 6 (fig. 10) illus- 
trates a condition where the uniform depth of the bed is equal to 
the height of the constriction. Case a shows a condition where the 
uniform depth of the bed is greater than the height of the constriction. 


ADDITION OF NOSE RINGS TO KILN 


To study the effect of constrictions in the laboratory kiln, observa- 
tions were made with a nose ring in different positions in the kiln, with 


feey 


4 


B 
FIGURE 10.—A, Longitudinal section of kiln, showing different conditions of bed of 
material when nose ring is present; B, end section with nose ring present 


J° 


different slopes of the kiln, with different speeds of rotation, and with 
different rates of feed. These measurements were made in the 
7-foot by 6-inch kiln. All measurements were made with Ottawa 
standard sand as the solid material passing through the kiln; usually 
the kiln was rotating at 2.5 r. p. m. 


EFFECT OF 5\4-INCH WOODEN NOSE RING 


A wooden nose ring 5% inches long and with an opening 41% inches 
in diameter (the constriction was thus 0.75 inch high) was used first. 
Observations were made with different rates of feed and with the 
constriction placed at the discharge end of the kiln, 1 foot from the 
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discharge end, and 2 feet from the discharge end. Table 24 and 
Figure 11 give the data. 


TABLE 24.— Wooden diaphragm, 5.5 inches long; diameter of hole, 4.5 inches 
Distance Distance : istance 
from dis Feed per| Time of from dis- Feed Time of dis. Feed ig Time sg 


D 
rom 
15 min- | passage, ch 15 - | Passage, 15 min 
arge end 
of ones Soa feet | Utes, c.c.| minutes || 9+ kiln, feet | UteS, ©. ¢. minutes || of eee sg feet | Utes, c. ¢. minutes 


433 30. 7 437 30. 2 437 31.0 
875 27.3 890 nO W Breaccccactes 995 25. 9 
3, 100 BS, UN kecercomwan: 1, 550 24. 2 1, 620 24.0 
4, 180 27.0 3, 190 23. 5 3, 160 23. 0 
5, 004 28. 2 5, 510 23. 4 
5, 835 29. 2 


acai 
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Smh's aig} | 
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TIME OF PASSAGE, MINUTES 


° 1000 2000 3000 4000 5000 6000 7000 
FEED IN IS MINUTES, C.C. 


FIGURE 11.—Effect of wooden diaphragm 5.5 inches long with 4.5-inch diameter opening; 
diameter of kiln, 6 inches: a, Diaphragm at discharge end of kiln; b, diaphragm 1 foot from 
discharge end of kiln; c, diaphragm 2 feet from discharge end of kiln 


The curve always drops off rapidly at first as the feed increases, 
but, except when the constriction is at the end, at about 1,900 c. c. 
per 15 minutes it goes off at a straight line; that is, the time of pas- 
sage approaches a constant. Observations showed that about this 
feed gave uniform depth of bed, equal to the height of the con- 
striction. When the nose ring was at the discharge end of the kiln, 
the curve passed through a minimum as the feed increased. Expla- 
nation of this may be that when there is no constriction at the dis- 
charge end there is a gradual.“ dropping-off”’ effect, but when there 
is a constriction this effect is impossible. Thus, a greater feed 
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causes a preater piling up, which in turn increases the time of pas- 
sage. When the nose ring is placed back from the discharge end, 
the usual diaphragm-free end effect is again present. It will be noted 
that when the feed is 400 to 1,900 c. c. per 15 minutes the time of 
passage is virtually the same regardless of the position of the dia- 
phragm, and that at 1 and 2 feet from the discharge end the time 
is virtually identical throughout the entire range. Artificial nose 
rings would not ordinarily form at the discharge end in commercial 
kilns. 
EFFECT OF FIBER NOSE RING 

To check up on the curve passing through a minimum when the 
constriction was at the discharge end of the kiln, a fiber diaphragm 
of the same diameter opening, but only about three-sixteenths inch 
in width, was obtained and a series of measurements made. Table 


MINUTES 
ac 


TIME tae 
to 


FEED IN 16 MINUTES, C. C. 
FIGURE 12.—Effect of fiber diaphragm with 4.5-inch diameter opening sat discharge end of 
G-inch kiln 
25 and the accompanying graph, Figure 12, show that the same gen- 
eral shape of curve is obtained, although the time of passage was 
much less than when the wider diaphragm was used. 


TaBLE 25.—Resulis with 4.5-inch aang hole, fiber diaphragm, at discharge end 
of kiln 


Feed per 15| Timeof || Feed per15| Time of 


minutes, passage, minutes, passage, 


c. ¢. minutes c. Cc. minutes 
425 26. 7 3, 180 20. 7 
796 22.8 4, 460 21.2 

1, 550 22.0 5, 625 22.8 


EFFECT OF POSITION OF NOSE RING 


A study was made of the effect of the position of the diaphragm 
in the kiln with a given diaphragm at a definite rate of speed. Three 
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diaphragms were made of three-sixteenths-inoh fiber; one had a 
4.5-inch diameter opening, one a 3.75-inch, and the other a 3-inch 
opening. The accompanying Table 26 and the corresponding Figure 
13 show that when the feed is constant the position of the diaphragm 
in the kiln has practically no effect on the time of passage. ‘This 
statement does not apply strictly to the 3-inch diameter hole at a 
very low feed, as the time decreases a little as the diaphragm 
is moved back from the discharge end; but it soon reaches a con- 
stant value. 


TaBLeE 26.—Effect of position of the al ait in the kiln at a given rate of feed 
n= 2. 


Distance | Feed per 15 
minutes 


from dis- 
Diameter of diaphragm hole, inches charge end | (approxi- 
of kiln, mate) 
inches c. c. 


8,175 
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The constrictions put in the kiln were relatively large in comparison 
with the kiln itself. For the diaphragm with the 4.5-inch hole the 
cross-sectional area of the opening is only 56.5 per cent of that of 
the kiln itself, and the area of the 3-inch hole is only 25 per cent. 
In commercial kilns the nose rings would not be allowed to grow 


this large. 
RESULTS 


The results given in the foregoing tables bring out these faots: 

1. If the uniform depth of bed is as great as the height of the oon- 
striction (the constriction being thin or narrow), the time of passage 
is virtually the same with the diaphragm in different parts of the kiln. 

2. For a given position of the constriction, after the uniform depth 
of bed reaches the height of the constriction, the time of passage is 
constant with increasing feed, unless the constriction is at the dis- 
charge end of the kiln, and then the time of passage increases with 
increasing feed. 
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3. When the uniform depth of bed is less than the height of the 
constriction, the time of passage is greater than when no constriction 
is present but is independent of the position of the constriction. 


dt Mled sles Nee se ae eed 

Ni TT | EP PE PP PP 

Sane ee a ee 
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& 


TIME OF PASSAGE, MINUTES 
a 8 


DISTANCE FROM DISCHARGE END OF KILN, INCHES 


Ficure 13.—Effect of position of diaphragm in 6-inch kiln: a, Fiber diaphragm, 3-inch diameter 
opening, feed sbout 410 c. c. per 15 minutes; b, fiber diaphragm, 4.5-inch diameter opening, 
feed about 410 c. c. per 15 minutes; ¢, fiber diaphragm, 3.75-inch diameter opening, feed about 
2,280 c. c. per 15 minutes; d, fiber diaphragm, 4.5-inch diameter opening, feed 2,280 to 3,175 
¢. c. per 15 minutes 


Comparison of Tables 24 and 25 and Figures 11 and 12 shows that 
the time of passage increases when the width of the diaphragm is 
increased. 


Fictre 14.—Effect of ratio of diameter of kiln to diameter of nose-ring opening on change in 
apparent length of kiln; diameter of kiln, 6 inches; slope of kiln, 3°; speed of kiln, 2.5 r. p. m. 


EQUATIONS FOR DIFFERENT CONDITIONS 


The final step is to work out the equations for these conditions: (1) 
Where the uniform depth of bed is smaller than the height of the 
constriction, (2) where the uniform depth of bed is greater than the 
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height of the constriction and the latter is at the discharge end of 
the kiln, and (3) where the uniform depth of bed is greater than the 
height of the constriction and the constriction is at a position other 
than the discharge end. 

At a given pitch of the kiln, at 2.5 r. p. m., a constant feed was 
maintained and measurements made in the 6-inch kiln with no con- 
striction, and with the 4.5-inch, the 3.75-inch, and the 3.0-inch thin 
fiber nose rings. The feed was always so small that the uniform 
depth of bed was not greater than 0.75 inch. The data are given in 
Table 27. 


TABLE 27.—Effect of constriction on time of passage when the uniform depth of bed 
of material is less than the height of the constriction; constriction, 3 inches from the 
ischarge end of kiln; n=2.5 


Diameter | Feed per 15 


Time of 
apa Tar ofholein | minutes 

Slope, degrees diaphragm,| (approxi- Je me oe 

inches mate), c. c. = 
18. 7 
Oe 5 26. 7 
3.75 410 36.9 
a 0 54.7 
O 18.0 
5 eo 22.3 
3.75 760 29.4 
a 0 39.4 

B. .---- on nnnnnnnnneeennnwnseenn cere ennnsee ens ennennanseesenenenne== | 18. 25 

o 5 21.6 
8.75 1, 200 24.8 
a” 0 31.9 
74 F 18.3 
; 20.8 
8.75 | 1, 525 23.9 
3.0 29.0 
©, 13.9 
5 16.7 
| 3.75 | | 1, 150 19.5 
3.0 24.3 
$.0------0.------- RsesesswamaatsteceSsesaaveshvessardasenssnsasisecs (1) 14.0 
4.5 15.8 
3.75 1, 500 18.1 
3.0 22.3 
©, ; 9 

? a] fod . 
2 nn nn nnn nnn ne nnn nnn nnn nnn eee nent nee n eee 3.75 1, 450 35.2 
3.0 42.7 


1 No constriction. 
WORKING OUT THE EQUATIONS 


Let d° =diameter of the kiln. 
d’ =diameter of the hole of the constriction. 
1° =length of the kiln. 
l’=apparent length of the kiln calculated on the basis of the 
time of passage when a diaphragm is present; that is, 
oy time of passage for d’ 
* time of passage for d° 
By plotting d°/d’ against log 1’/l° a curve closely approximating 
a straight line was produced. From this the equation involving the 
time of passage for a given feed with different constrictions can be 
obtained. An example will suffice to show this. The data are given 
in Table 28 and Figure 14. 
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TaBLE 28.—Time of passage for given feed at different constrictions 
[Feed=approxi mately 760 c. c. per 15 minutes; angle=3°] 


t re v a°ja’ vr Log l’/l° 


lie de ee ee 
ee a aay 


na 
~é 


ed ee ee 


0 ; 

2 . 0034 
63 

19 


The equation ? of the curve is derived from Figure 14. 
y =d°/d’ 
z=log l’/I° 
when Y ,=2.0; x ,=0.3345 
y ,=1.0; z ,=0.0000 
_Y¥2-91_ 2.0  —1.0 


m~z,—, 0.3845—0.0 7° 
y=mrz+b 
(d°/d’) — 1 =2.99 log 1’/I° 
d° —d’ j6 
77 = 2.99 log I'l 
>. &h (70 4.8h 
log U/l" =F 99g7 = O = 5 99g" 


1.54h 1.54 A 
V=l°e wv ; Y’=er-n 


where A =the height of the constriction; A and d° must be expressed 
in the same units. 
DETERMINATION OF K 


For a given slope of the kiln this equation may be written 


kh 
l’ =1° e dah 

where k is a constant depending on the feed. Similar calculations 
from the data in Table 27 at a slope of 3° give the following values 
of k. At a feed of 410 c. c. per 15 minutes, k=2.19; at 1,200 c. c., 
k=1.06; and at 1,525 c.c.,k=0.88. The value of & at a slope of 2° 
with a feed of approximately 1,450 c. c. per 15 minutes was 0.87; 
at 4° with a feed of 1,500 c. c., 0.90; and for 1,150¢.c., 1.10. These 
values are so close to those of 3° that for practical purposes at least 
the constant can be said to be independent of the slope of the kiln 
over the range of slopes studied, which includes those usually found 
m commercial kilns. 

From the four determinations of k at 3° its value may be deter- 
maned. The authors found that this value could be expressed in 
terms of volumes of feed relative to the volume of the kiln. 


7 In these equations ¢ is the base of natural logarithms; In significs natural logarithm. 
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The total volume of the kiln v, is 39,100 c.c. Let vy=the volume 
of feed per hour. By plotting k against log v;/v, a straight-line curve 
was produced. ‘Table 29 and Figure 15 give the data. 


TABLE 29.—Effect of volume of feed on k } 


k Co vs y/o | Log ty/to 
OO ce ae thee lees tls Nua coe ee rs eaieta ses 39, 100 1, 650 0.0422 —1.3747 
1 eae EAS AE iM iE I Doe Ra RO 39, 100 3, 050 078 | 1.1079 
DOG steno eae ead Mh Aa cen oye hee 39, 100 4, $22 123 —. 9101 
Ft Sec IO eee A ee LN 39, 100 6, 100 156 | | -—.3069 


1 In these calculations ey is the mean feed from which k was calculated. 


y=k 
z=log v/v, 
from the curve, 
when 
Y,= 2.0, r,= —1.32 
y, = 1.0, z, = — 0.86 
Yy—1 2.0—1.0 
maa = 39-080) 7/046 = — 2.18 
y=mzt+b 
2.0=2.8846 
b= —0.88 
hence 


y =k— —2.18 log V7 /Vo — 0.88 


kh 
The equation l’=1°e ¢-2h — then reads 


L’ = l°e (—2.18 log 27/ro—0.4%) — 


CHECK OF CALCULATIONS 


Table 30 contains some calculations to show how closely the expo- 
nential part of the equation holds as checked in the laboratory kiln. 
The calculated time was obtained by multiplying the time of passage 
with no constriction by the value of the exponential factor. 


TABLE 30.—Check of calculations with laboratory results 


ann 
i Time of passage, 
S] d oe fi L | : a’ h coal 
ope p, degrees bee fo vy 7/00 0£ &y/t'o 

ea Ob- | Calcu- 

Cc. served | lated 
1,150 SO N00 head con 2uclie ont coll didale Sac. ou MAU sen bees adeae dae 1520) ec 
1, 264 39, 100 3, 180 0. 0815 — 1. ORRS 4.5 0.75 | 22.3 23.1 
1, 214 39, 100 3, 090 .079 —1. 1024 3. 75 1.12 | 20.4 2R. 2 
Ee ED EE eS 1, 139 3, 100 2, SYO O74 —1. 1308 3.0 1.5 30. 4 39. 8 
IO SUS) jesse tee ee oie ees Po eee cc oes coulso oases 18.25 J.Lo le.. 
1, 875 39, 100 4, 760 . 122 —. 9136 4.5 75 | 21.6 21.6 
1,955 39, 100 5, 005 .129 —. BAU 3.75 1.12] 24.8 24.8 
1, 904 39, 100 4,825 123 —. 9101 3.0 1.5 31.9 31.7 
2, 329 SU OO cepts ees eee ec etter oe ae eee iaeieu es 14.0 j..i 2... 
Wee Sees ees 2, 402 39, 100 6, 100 . 156 O09 4.5 09 15.8 16,2 
2, 341 34, 100 5, 9) . 152 —. &182 3.75 1.12 18.1 18,3 
2, 325 3Y, 100 5, 900 . 151 —. $210 3.0 15 22:3 22.2 
BPN? (etd ect A edad Blatt ct aa embrs ersele lars ee ees usc wetecla | eee ous 41. ae | ene an 
Doda Meoiessee wee 2, 364 39, 100 6, 000 153 —. 8153 4.5 ri) 30. 0 31.1 
2, 323 34, 100 5, ¥10 151 —. 8210 3. 75 112) 35.2 35. 4 
2, 357 38, 100 5, USO 153 —. 3153 3.0 1.5 42.7 42.4 
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ADAPTATION OF FORMULA TO VARYING RATES OF ROTATION 


These measurements were made at a speed of 2.5 r. p.m. Fora 
given nose ring in a goiven kiln the piling-up effect is obviously a 
function of the depth of bed, which in turn is a function of the feed 
and thespeed of rotation. If the kiln moves at a speed of z revolu- 
tions per minute and a feed y, there will be a certain piling-up effect. 
If the speed of rotatiom is changed to 2z, the feed must be changed 
to 2y in order to produce the same depth of bed with the correspond- 
ing piling-up effect. ‘To check this in the 6-inch kiln, a run was made 
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9% 
Fiacre 15—Effect of rate of feed on k; diameter of kiln, 6 inches; slope of kiln, 3°; speed of kiln, 
2.56. p.m. 


at a speed of 1.25 r. p. m. As Table 31 shows, the foregoing assump- 
tion proved to be correct. 


TaBLB 31.—Data on observations made at 1.25 r. p. m. 


Time of passage at 1.25 
Tire of r. p. mn, ninutes 
Nose-ring opening, inches i pence 


at r. pp. m. 
"minutes 


Caleulated| Observed 
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The correct formula to account for revolutions per minute must 
now be written: 


2.fiy ae 
]’ =[° (728 log "be ~0.8 ) a°—2h 


CORRECTION FOR KILNS OF DIFFERENT PROPORTIONS 


This formula, however, holds only for this particular kiln or one of 
similar dimensions. The ratio of diameter to length 1s 6 : 84 or1 : 14. 
From this ratio, however, the equation may be made to fit any kiln. 
For example, suppose a kiln to be 100 feet in length and 6 feet in 
diameter. The correction factor can be made to act for a kiln 6 feet 
in diameter by 84 feet in length and the remaining 16 feet of the kiln 
calculated on the basis of a simple unobstructed kiln from the simple 
formula, 

_1.77 18 


pdn 


To check this in thelaboratory kiln, a new kiln 3 inches in diameter 
by 7 feet long was set up. After this kiln was lined with sand in the 
usual manner some measurements were made in the same way as in 
the 6-inch kiln. The derived formula is based on the ratio of diam- 
eter to length of kiln of 1 to 14. As the new kiln was 3 inches in 
diameter, this same ratio would correspond to a kiln 42 inches long. 
The kiln actually was 84 inches long, hence 42 inches of it must be 
considered a straight unobstructed kiln and 42 inches a constricted 
kiln. The time of passage is calculated by adding the calculated 
time of passage for a 42-inch constricted kiln plus the calculated 
time of passage for a 42-inch simple kiln. In three observations 
with different-size nose rings at 2.5 r. p. m. and a 3° pitch of the kiln, 
the following are the calculated and the observed times, respectively: 
46.5 minutes, 46.3 minutes; 48.0 minutes, 46.0 minutes; and 53.3 
minutes, 52.1 minutes. These data tend to show that the assump- 
tion was justified. 


CORRECTION WHEN RATIO IS LESS THAN 1:14 


The ratio of diameter to length may be less than 1:14. Actual 
measurement of the 6-inch kiln showed that the piling up (at least 
that noticeable or measurable) at 3° slope of the kiln never extended 
farther back into the kiln than a ratio of the diameter to the length 
of the piling up of 1:5 with the 3-inch diameter nose ring, of 1:4 
with the 3.75-inch, and of about 1: 3.25 with the 4.5-inch diameter 
nose ring. With the aid of this information the exponential correc- 
tion (that is, ratio of diameter to length) can be recalculated for any 
length of the kiln if the length is not less than the distance that 
the piling up extends back into the kiln. 
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An example will be given to show how this may be done. Supposo 
that it is desired to express the correction in an exponential equation 
when the ratio of diameter to length is 1:7 instead of 1:14. It is 
known that the piling up does not extend back as far as a ratio of 
1:7, henoe the data of Table 27 may be used, with the assumption 
that the first 3.5 feet of the kiln act as a simple kiln without constric- 
tions, and the last 3.5 feet act as the constricted part. One-half the 
time required for the material to pass through the unobstructed kiln 
is then subtracted from all the readings and from these data the 
corrected formula is derived. Table 32 gives the data. 


TABLE 32.—Data for calculating the correction factor for nose ring for ratio of diam- 
eter lo length of 1.7; n=2.5; slope, 3° 


18.7 9. 35 AE Se ere eens eae 1.0 0. 0000 
26.7 9.35 3.5 | 17.35 6.5 1. 86 - 2695 
36. 9 9.35 3.5 | 27.55 | 10.3 2. 94 - 4683 
54.7 9.35 3.5] 45.35 | 16.95] 4.85 - 6857 
18.0 9.0 8.9 | os csns os eaece ss 1.0 - 0000 
22.3 9.0 3.5 1.48 . 1708 
29. 4 9.0 3.5 2. 27 . 3560 
39. 4 9.0 3.5 3. 37 . 5276 
18, 25 9.13 Big eee eee ort anceps 1.0 . 0000 
21.6 9.13 3.5 1.37 . 1367 
24.8 9.13 3.5 1.715 - BA2 
31.9 9.13 3.5 2.5 . 3029 
18.3 9.15 B.5 lee acissloccsce st 1.0 . 0000 
20. 8 9.15 3.5] 11.65 4.45 | 1.27 - 1088 
23.9 9.15 3.5 | 14.75 5.64) 1.615 . 2061 
29.0 9. 15 3.5; 19.85 7.59 | 2,17 . 3365 


1¢M=<=time of passage through first 3.5 feet, the unobstructed part of the kiln. 
2¢=time of passage in constricted part (last 3.5 feet). 
}¥ —apparent length of constricted part. 


Constant k.—Plotting d°/d’ v. log 1’ /l° and obtaining the equations 


kh 
for the curves, it is found that & in the equation l’=1° e #-2 is 3.32 
when v; is 1,650; 2.46 for 3,050; 1.78 for 4,822; and 1.54 for 6,100. 
By plotting & v. log v,/v, it is found that the value of k= —3.08 log 
v,/v.—0.01, hence substituting this value of & in the above equation, 
the general equation when the ratio of diameter to length is 1: 7 is 


h 
UI! 1° @ (3-8 108 2.5 oy/n20— 0-0) 555" | Calculations made by the use of this 


formula showed that it holds satisfactorily. 

Constants a and b.—The only change in the formula from that of 
the ratio of diameter to length of 1 : 14 is that of the two constants 
in this last equation. Substituting the general constant a for —3.08 
and 6 for —0.01, a more general equation may then be wniiten: 


1 Wiss }° e (a log 2.5 oy/nvo-+b) poo 


The constants a and b were calculated for different ratios of diam- 
eter to length and are recorded in Table 33. 
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TABLE 33.—Evaluation of constants : ae b with different ratios of diameter to 


engl 
Ratio of diameter to length | a b | Ratio of diameter to length a b 
15 tt Soe ee ete —3. 26 +1.0 MN 2 hoa he Jes Ba Santos —2. 43 —0. 77 
her Be ee a a ae —3. 08 —.0) B14 we co occocceccedecoeed —2. 18 —. $3 
ONO. Sr econo oe ers rt —2.77 _ 


On plotting @ as abscissa against l/d as ordinate, a straight-line 
curve (fig. 16) results. | 
From Figure 16 the equation of the line is obtained, when 


Y,= 15; 2,= —2.06 


m= 505 (wa) 7 Lad 83 
y=mzt+b 

15 = (8.33) (— 2.06) +6 

15= —17.2+56 

b= 32.2 

y=l/d; z=a 

y=mzr+b 


Id =8.33a + 32.2 
8.33 a=1/d —32.2 


efile, 
~ -8.33d 


a=0.12 l/d—3.86 


a — 3.86 


By plotting b as abscissa against l/d as ordinate a curve was pro- 
duced which had the appearance of an exponential curve. As nega- 
tive numbers were present, however, the logarithms could not be 
taken without the use of complex quantities. It was necessary, 
therefore, to transform coordinates so as to make all numbers posi- 
tive. The curve (fig. 17) appears to be assymptotic to b=1. Coor- 
dinates may therefore be transformed by this amount. 


b=f(l/d) —1 
fd) =b+1. 


Table 34 and Figure 18 contain the data. 


or 
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Fictre 16.—Effect of ratio of length to diameter of kiln on constant a in general equation for tho 


_ condition when the uniform depth of bed is less than the height of the nose ring 


FIGURE 17.—Eflect of ratio of length to diameter of the kiln on the constant b in the general equation 
for the condition when the uniform depth of bed is less than the height of the nose ring 
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TaBLE 34.—Values of f(l/d) obtained by transforming coordinates 


—_—- a 
ld 8 | $id) | Lor said) Yd | b fd) | Log fifa) 
AS ss toe Ft fia So 
eee ee +1.0 2.0 | +0.3010 |] 12...000002...... -0.77| 0.23 | —0. 6368 
Tce ie lees es Saini a —.01 . 99 OOF. 14 oo cea tease —. 8 12 —. Wl0e 
Wace wecess savdc sain —. 665 335 —. 4750 
log f(/d) =2 
i/d=y 


from the curve, when 


y,=15; z,= —1.09 
y,= 5; z,= +0.301 


15-5 10 


m=—799—0.301 ~ ~1.391 > ~ 7-19 
y=mizt+b 
15 = (—7.19)(—1.09) +8 
15=7.83+6 
b=7.17 
W/d= —7.19 log f(1/d) +7.17 
7.17-lU/d 


log f(l/d) = 775 =1-1/7.19d = 1 —0.1390/d. 


In f(U/d) = 2.3 —0.321/d 
t (I/d) = e2:3-0.32 lid 


b = @ 2.3—0.32 U/d __ 1 


then 


The general equation (p. 31) then is: 


L’ =: [°@ {(0.122/d —3.86) log 2.5 vs/ney+e 2-30-2214 — ~iqze yy 


COMPLETION OF EQUATION 


This exponential equation is the “‘factor’’ referred to in the equa- 
tion given at the very first of this paper. The complete equation 
then is: 


: Bre, bd-Otlle — h 
1.77 L.771y6 , el? 121/d—3.86) log “+e | ge nan 


= — pdn 


This factor is 1 when no constriction or nose ring is present. The 
formula is for a kiln in which the feed is such as to give a uniform 
depth of bed less than the height of the nose ring. 
Exponential functions may be evaluated as follows: 
e=2.7183; y=e 
log y= log e 
log y=0.4343z 
y=antilog 0.4343z 


Google 


EFFECT OF VARIABLES ON TIME OF PASSAGE 35 


ALTERNATE METHOD OF CALCULATING TIME OF PASSAGE 


Still another method may be used to calculate the time of passage 
when nose rings are present, if the ratio of diameter to length of kiln 
is less than 1:14. A given kiln is 6 feet in diameter by 60 feet in 
length and it is desired to calculate the time of passage for a given 
maternal, with a given constriction, using the formula derived when 
d:l::1:14. The ratio of 6 to 60 is 1 to 10; hence an hypothetical 
24 feet must be added to the kiln, which thus gives a ratio of 1:14, 
for purposes of calculation. The time of passage is then calculated 
from the exponential formula for an 84-foot kiln, and from this is 
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14 
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Figure 18.—Plot of I/d against log /(//d), after transformation of coordinates 


subtracted the time it would take the material to pass through a 
24-foot unobstructed kiln, which gives the time of passage in the 
60-foot kiln. 


UNIFORM DEPTH OF BED OF MATERIAL GREATER THAN HEIGHT OF CON- 
STRICTION—CONSTRICTION AT DISCHARGE END OF KILN 


As has been said, when the nose ring is at the discharge end of the 
kiln and the feed is sufficient to give a uniform depth of bed of 
material greater than the height of the nose ring, the time of passage 
is increased with increasing feed. Table 35 gives the data for nose 
rings with 4.0, 4.5, and 5.0 inch diameter openings, in the 6-inch 
laboratory kiln at a pitch of 3° and a speed of 2.5 r. p. m. 
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TaBues 35.—Data for uniform depth of bed of material greater than the hetght of 
constriclion 

ee Feed per Time of ean of sat Per! Time of formants of | Feed per 


ning, minutes, opening, minutes, passage, |} onenin 
ches alates chan minutes hee g, 


789 27.2 425 26.7 22.8 

2, 222 22.4 22.8 20.5 

40225 co gece 3, 180 21.7 4.5 1, 550 22.0 | 50 2. 2 
4, 435 ZLB eran a 181 20.7 || OU rer rrr ene 18.3 

5, 205 23.3 4, 460 21,2 19.4 

5, 615 22. 8 21.2 


PLOTTING OF CURVES 


The time was plotted against the volume of feed per 15 minutes, 
and the time of passage for feeds intermediate between the observed 
points was taken from the smooth curve. The time of passage with 
no constriction was 19.5 minutes with feeds from 320 to 4,550 c. c. 
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FIGURE 19.—Effect of rate of feed on apparent length of kiln for condition when the uniform 
depth of bed is greater than beight of nose ring and nose ring is at discharge end of kiln; length 
of kiln, 7 feet; diameter of kiln, 6 inches; diameter of nose-ring opening, 4 inches; slope of kiln, 
3°; speed of kiln, 2.5 r. p. m. 
per 15 minutes and 19.6 minutes with feeds from 4,550 to 5,800 c. c. 
These were the volume limits used in the following calculations. 
By plotting 1°/l’ v. v;/v, a curve approximating a straight line is pro- 
duced. Although the points are not all on the “straight line,’ the 
error is never more than about 2 per cent. Table 36 gives the data 
and Figure 19 shows how closely the curve approaches a straight line. 


TABLE 36. seen ai of rate of feed on apparent length of kiln 


ee 


| i 4.5-Inch inch 
.5-fnce 5.0-inc 
ef Ps 04/00 4.odneh nose ring | nose 
noso ring 

VEROO Lodo Pores ie se Se eal on od cee | 39, 100 0.391 0.91 0.941 
1K.090..... oe 39, 100 "462 Bas O18 
PM ee ee tet Sera oe 39, 100 "56 " g99 " aK2 
DO cree eceuee sham acve en Ouee: 39, 100 “583 | " 806 " 840 
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EQUATION OF CURVE 


The equation of the curve was found to be: 
1°/U’ = mv;/vo + 1.16 

Plotting m as abscissa and d°/d’ as ordinate, and taking the mean 
slope of the curve the equation d°/d’=m'(m)+b becomes 
d°/d' = —1.56 m+ 0.53, 
therefore 

m= —0.64 d°/d’ + 0.34. 
Substituting for m in the equation /°/l’=myv,/v,+1.16, I°/l’= 
(0.34 — 0.64 d°/d’)vy/v, + 1.16 
re oe 
(0.34 — 0.64 d°/d’)v,/v, +1.16 

Adding the factor for revolutions per minute, the final equation 

then becomes: 


i L.771y 0 1 
— —pdn (0.34 — 0.64d°/d’)2.5v,;/nv,+ 1.16 


TESTS OF FORMULA 


A few calculations were made from the data in Table 35 to sea 
how well the formula holds. The calculated time was obtained by 
multiplying 1’ /l° by the time of passage at 1°. 

TaBLE 37.—Calculations using the formula for leat of bed greater than the height 
of the nose ring; pitch, 3°; n, 2.5 


Time of passage, Time of passuge, 
Feed per minutes Feed per ininutes 
Diameter of nose 15 ___C—idS|:s§s: Dit meter of nse 15 
ring, inches minutes, ring, inches minutes, 

ec. | Calcu- | Observed ce. | Caleu- | Observed 

| a eon ee 4, 400 22.2 O18) 46 os cceeis Seca es 5, 445 22 22.8 
| rea a et 5, 205 2.8 25.8 Dent geeeees cand 3, 190 19.1 1Y. 4 
WS cecl sect ceosee 4, 460 21.1 Be 2 OO cese ses wes enews 5, 670 1 21.2 


CORRECTION FACTOR FOR CONDITION WHEN UNIFORM DEPTH OF BED 
IS GREATER THAN HEIGHT OF CONSTRICTION 


The factor in the original formula for the condition when the uni- 
form depth of bed of material is greater than the height of the con- 
striction and the constriction is at the discharge end of the kiln is 


1 
(0.34 — 0.64d°/d")*201 4 1.16 


This is a correction factor for a special case. There must be a 
diaphragm, the diaphragm must be at the discharge end of the kiln, 
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and the feed must be sufficient to give a uniform depth of bed greater 
than the height of the nose ring. For these reasons it is unnecessary 
for the formula to be of such a nature that l’=1° when d°/d’ =1. 
This correction is simply an empirical one for a special condition. 

The formula given is, of course, for kilns of the same dimensions as 
the laboratory kiln; that is, the ratio of diameter to length is 1 : 14. 
A general equation for kilns of different sizes can be worked out, but 
it is so complicated that a better way is to use one of the methods, 
preferably the last, described for the conditions where the uniform 
depth of bed is less than the height of the nose ring. 


UNIFORM DEPTH OF BED OF MATERIAL GREATER THAN HEIGHT OF CON- 
STRICTION—CONSTRICTION NOT AT DISCHARGE END OF KILN 


The equation for the condition when the depth of bed is greater 
than the height of the nose ring and the nose ring is at some other 
position than the discharge end of the kiln will now be solved. The 
data in Tables 24 and 25 show that once the uniform depth of bed is 
greater than the height of the constriction and the constriction is 
not directly at the discharge end of the kiln, the time of passage is 
virtually constant with increasing feed. Table 38 gives data on the 
effect of different-size constrictions on the time of passage. 


TaBLE 38.—Uniform depth of bed greater than the height of the constriction, with 
constriction at some other position than the discharge end; n= 2.6 


Feed per 
o i 3 
Diameter of nose-ring opening, inches ees ee Pe d°/d’ vie ee 
Cc. c 

B02 Seto eco eer enb es te Geb seine 6.0 24.1 19.9 2.0 1. 21 6, 150 
BEB etn cin Ot ey A ected a ea 6.0 21.4 18.7 1.6 1. 143 2, 280 
BO selec ete eh iene oie ee See 6.0 21.35 18.8 1.5 1. 135 3, 400 
BOA RAs i ee et opts ed 6.0 19.6 18.8 1. 33 1. 041 3, 180 
OOo ett ote eso wonek Se oda 6.0 19. 1 18.8 1.20 .019 3, 200 


1’ =time of passage with constriction. 
2(°-=time of passage without constriction for same feed as ¢’. 


PLOTTING OF CURVE 


By plotting d°/d’ against t’/t° and drawing the average straight 
line which passes through the origin (where d°/d’ =1, and t’/t°=1), 
the equation becomes 


d°/d' =4.76 (t’/t°) —3.76, or 


t’=t° (d°/d’ +3.76). 
4.76 


When no constriction is present, when 


d°=d', t'=t°. 
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TESTS OF ACCURACY OF FORMULA 


Some calculations were made to test the accuracy of the formula. 
Table 39 gives the results. 


TABLE 39.—Tests of formula 


?’, minutes ¢, minutes 
d°/da’ C nites |e a°/@’ t°, minutes |-——-______-- 
Calculated | Observed Calculated | Observed 


APPLICATION OF FORMULA TO DIFFERENT RATIOS OF DIAMETER TO 
LENGTH 


This formula can be converted quite easily into a general formula 
for different ratios of diameter to length of kiln. The general form 
of the equation is 

d°/d’ =at’/t°+b 

The two constants a and b are the only factors in the formula which 
change with different ratios of diameter to length of the kiln. Table 
40 contains the values of a and b for different ratios of diameter to 


length. 


TaBLE 40.—Values of constants a and b for different ratios of diameter to length 


By plotting l/d against a, the equation is found to be 
a=0.3l/d+0.195 
and plotting l/d against 6, the equation is 
b=0.8 —0.3l/d 
Substituting these values in the general equation gives 


d°/d’ — (0.8 —0.31/d) 
0.31/d + 0.195 


The complete equation for the case in which the uniform depth of 
bed is greater than the height of the nose ring, and the nose ring is 
not at the discharge end of the kiln is 


1.771y6 d°/d’ — (0.8 —0.31/d) | 
pdn 0.31/d + 0.195 


t’=1t°X 


t= 
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The “factor” in the original equation for this special case is 


d°/d! — (0.8—0.31/d)_ 
0.37/d+ 0.195 


If this general formula is not used, equations for kilns of the ratio of 
diameter tolength otherthan 1:14 can be derived by oneof themethods 
described for calculations where the uniform bed is less than the 
height of the constriction. 


TESTS OF ACCURACY OF CORRECTION FACTOR 


Some calculations made to test the accuracy of this correction 
factor are tabulated in Table 41. 


TABLE 41.—Values derived from the general correction factor for kilns in which the 
uniform depth of bed 18 greater than the height of the constriction and the latter is 
nol at the discharge end of the kiln 


[Ratio of d:i=1 : 14; slope=3°] 


¢, minutes ¢, minutes 


d°/d’ i°, minutes d°/d’ (°, minutes 


Calculated | Observed 


Calculated |Observed 


SUMMARY 


There have now been presented formulas for four different kiln 
conditions, as follows: 

1. The formula for a simple kiln with no obstructions or constric- 
tions may be expressed by the following formula: 


1.771-V6 
ja. 
pdn 


2. For the condition where the uniform depth of bed of material 
in the kiln is less than the height of the constriction the following 
formula has been presented: 

ee LOL ve x @L @1mle-3.08) le ma eee 
pdn 


3. When the uniform depth of bed of material is greater than the 
height of the constriction and the constriction is at the discharge end 
of the kiln, the equation is 


1.771-J0. 1 
(dn an 2.50 
P (0.34 —0.64d°/d’) a +1.16 
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4. When the uniform depth of bed of material is greater than the 
height of the constriction and the latter is at a position other than 
the discharge end of the kiln, the following is the equation: 


pa L776, did’ — (0.8—0.31/d) 
pdn 0.31/d + 0.195 


Equation 3 holds when the ratio of diameter of the kiln to the 
*ngth of the kiln is 1:14. For other ratios methods of calculation 
ave been given. The formulas are for constrictions of narrow 
width. The correction factors, as determined in the laboratory kiln, 
are probably accurate to better than 5 per cent. (See p. 1 for 
explanation of symbols.) 


COMMERCIAL KILNS AND THE KILN EQUATION 


This investigation of the passage of solid particles through rotary 
kilns was conducted under what might be termed ‘‘ideal conditions.” 
No chemical change occurred, and the angle of repose remained 
constant during the passage of the material through the kiln. Al- 
though this is true, the simple straight-kiln formula has been found 
to work very well in all commercial kilns that were available for 
study. The authors visited a number of cement kilns and two coal 
driers and took measurements. The calculated time of passage in 
one cement kiln 125 feet long was 73 minutes; from observations 
made during the manufacture of oil-well cement, where certain ingre- 
dients were added at a definite time and analyses were made of the 
clinker at given intervals, it was found that the time of passage 
actually ranged from 60 to 70 minutes. For a clinker cooler 60 
feet long the calculated time of passage was 26 minutes and the 
observed time 25 minutes. For a single-shell externally heated coal 
drier the calculated time of passage was 21.4 minutes. The kiln 
was not running when seen, but figures available at the plant showed 
that the time of passage was a little less than 25 minutes. 

For a Ruggles-Cowles drier, with an external shell 714 feet in 
diameter and a space of 114 feet between the inner and outer shell, 
the time observed was about 38 minutes. Calculating this on the 
basis of a simple 714-foot kiln gives the time of passage as 1214 
minutes. However, by calculating as a 1}4-foot kiln, the difference 
between the shells, the calculated time was 39 minutes. No more 
kilns of this type were available for checking this observation; so 
it is mentioned for what it is worth. 

Figure 20 is a nomographic chart for the unobstructed kiln equa- 
tion. It is a simple type of alignment chart; its construction and 
use are the same as those of any ordinary chart of this nature. A 

discussion of the construction of nomographic charts is out of place 
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here, and anyone interested is referred to such standard texts as 
Lipka, ‘‘Graphical and Mechanical Computation,” or Peddle, ‘‘The 
Construction of Graphical Charts.” The method of using the 
chart is indicated by the ‘‘Key”’ and the illustrative example. 


SUMMARY 


Empirical formulas have been presented which enable one to cal- 
culate the time of passage of solid particles through rotary cylindrical 
kilns. Correction factors for nose rings or constrictions have been 
added. For a given kiln the formulas, together with the apparent 
density of the material to be used, the rate of feed, and simple formulas 
of trigonometry and geometry, enable one to calculate other kiln 
factors, such as volume of material in the kiln, depth of bed, length 
of chord, and capacity. In the simple kiln equation there are six 
variables; if any five are known, the other can be determined. 


O 
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